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nature, which allows them to be integrated without concern for lattice-matching to the underlying substrate material [4] . The integration of vdW materials can thus be made independent of the device fabrication. The devices can be manufactured separately using existing high-throughput nanofabrication, including CMOS processes, and then the vdW material can be transferred on this pre-fabricated photonic platform to add new functionalities. The variety of vdW materials available with different optoelectronic properties provides for broad opportunities in the fabrication of light sources [5, 6] , modulators [7] , detectors [8] , and nonlinear optical devices [4] .
Mechanically exfoliated and small-area chemical vapor deposition (CVD) grown vdW materials are pervasive in laboratory experiments due to their high quality and ease of device integration [9, 10] . Various transfer techniques have been devised to facilitate rapid prototyping of vdW material heterostructures assembled from randomly located, micron-sized samples that are often surrounded by unwanted bulk material [11, 12, 13] . For pure material studies the surrounding bulk materials do not pose a serious problem because there are no extended structures to avoid in the transfer process. In the realm of nanophotonics, however, stray bulk material can modify the optical properties of the structure under study. Moreover, many of these contaminants cannot be removed easily via etching or cleaning in solvents, often leading to ruined chips. Hence, a local transfer technique with improved monolayer discrimination is desired for high-yield vdW material integrated nanophotonic structures.
In this paper we demonstrate a modified polycarbonate-polydimethylsiloxane (PC-PDMS) transfer technique, which allows precise pickup and placement of vdW materials onto nanopho-tonic structures. We demonstrate the efficacy of our transfer process by placing WSe 2 onto a large-area silicon nitride spiral [14] and two different semiconductor monolayers (WSe 2 , MoSe 2 ) onto neighboring silicon nitride ring resonators [15] .
Experimental procedure
The hemispherical dome stamp fabrication begins by preparing a 2-3 mm layer of cured PDMS (SYLGARD TM 184 Silicone Elastomer) cut into 6 mm diameter cakes. A second batch of PDMS is mixed from the silicone elastomer base with the curing agent, and placed in vacuum for 20 minutes for degassing. The liquid PDMS is then pipetted onto the cake layer to form a hemisphere under the surface tension of the liquid. The domes are cured by leaving them in vacuum for 24 hours.
The PC film (Sigma Aldrich R Poly(Bisphenol A carbonate), 7% solution in chloroform) is secured to the hemispherical PDMS stamp using Scotch R tape with a hole punched into it as a window. The sample stage is kept at 125
• C (Fig. 1a-i) . Under an optical microscope, the dome stamp is lowered into minimal contact with the sample stage ( Fig. 1a-ii) . We use a SU-8 chip with pillars of varying diameters for the sample stage as a visual reference in the point formation.
The sample stage is then heated to 160
• C. After the stage equilibrates to the new temperature, the sample stage temperature is again set to 125
• C. As the sample stage decreases towards the lower temperature, the dome stamp is drawn away from the sample stage to separate the PDMS stamp from the PC film, which will still be adhered to the sample stage. The dome stamp is continuously pulled away from the substrate as a point is drawn in the PC film commensurate with the monolayer sample ( Fig. 1a- iii). The point should be formed before the sample stage reaches the polycarbonate glass transition temperature (147
It is imperative to intentionally pull the newly formed point away from the stage after the sample stage crosses the glass transition temperature (Fig. 1a-iv) .
During pickup of the monolayer we need to ensure that the monolayer sample is centered on the microscope objective along with the newly formed point. As the hemispherical PDMS dome itself acts as a lens, the heated stage position has to be adjusted to maintain the monolayer sample in the focal plane of the objective. The point will manifest as a white disk. Pickup is performed by contacting the point to the monolayer.
For transfer onto a nanophotonic device the point is again brought close to the surface. Due to the suspended nature of the PC point, melting can cause the point to droop unpredictably. For precise placement of the monolayer it is easiest to rapidly lower the PDMS dome stamp into contact with the monolayer to anchor it to the sample substrate. The temperature of the sample stage is then raised to 180
• C to detach the PC as a sacrificial layer from the PDMS stamp. The PC film is dissolved in chloroform for 12 hours followed by a 30 minute isopropanol bath.
The result of the modified transfer method (Fig. 1c) is shown in comparison to the use of the usual square PDMS stamp (Fig. 1b) , with a zoomed-in disk resonator (Fig. 1d) to illustrate the scale of a nanophotonic device. The monolayer is transferred on the zoomed-in disk resonator, but the monolayer is invisible under an optical microscope due to the poor optical contrast on the silicon nitride substrate. The square stamp contaminates the nanophotonic devices with bulk material and tape residue which can significantly alter the transmission properties of the devices, sometimes to an extent where no transmission can be measured. Our local transfer method allows for the precise pickup and placement of vdW material samples without the usual accompanying bulk material pieces.
Experimental results and discussion
We first demonstrate the integration of WSe 2 onto a non-resonant nanophotonic device -a largearea silicon nitride (SiN) spiral (Fig. 2a) . Due to its large area, the transmission spectrum is known to be sensitive to contaminants [16] . Then, resonant nanophotonic devices are demonstrated by the dual integration of two different semiconductor monolayers (WSe 2 , MoSe 2 ) onto neighboring SiN ring resonators. As the two monolayers are integrated in separate transfer steps the samples can be integrated as a heterostructure or onto separate devices depending on the desired experiment.
We fabricated the underlying nanophotonic devices using a 220 nm thick SiN membrane grown via LPCVD on 4 µm of thermal oxide on silicon. The samples were obtained from commercial vendor Rogue Valley Microelectronics. We spun roughly 400 nm of Zeon ZEP520A, which was coated with a thin layer of Pt/Au that served as a charging layer. The resist was then patterned using a JEOL JBX6300FX electron-beam lithography system with an accelerating voltage of 100 kV. The pattern was transferred to the SiN using a reactive ion etch (RIE) etch in
Photoluminescence (PL) measurements [17] are conducted by exciting the monolayers with a 632 nm HeNe laser. The resulting emission is collected with a free-space confocal microscopy setup and measured in a spectrometer. The spectrometer is equipped with a Princeton Instruments PIXIS CCD with an IsoPlane SCT-320 Imaging Spectrograph. The transmission is measured by exciting a grating coupler with a supercontinuum laser (Fianium WhiteLase Micro) and collecting from the other grating coupler (Fig. 2a, top right inset) . For cavity-coupled PL [6] the sample is directly excited with the HeNe laser and the resulting emission is collected from a grating coupler using a pinhole in the image plane of the confocal microscope. To obtain high signal-to-noise ratio PL we cool down the sample to 80K using liquid nitrogen in a continuous flow cryostat (Janis ST-500).
The room-temperature PL of the WSe 2 monolayer integrated onto the SiN spiral (Fig. 2b) establishes the presence of the vdW material on the waveguide. The before and after transmission spectrum ( Fig. 2c and Fig. 2d, respectively) for the SiN spiral waveguide integrated with the monolayer WSe 2 illustrates the contamination-free nature of the transfer process. Significant contamination would prevent any transmission spectrum from being measured. The envelope modulation of the spectrum is due to the frequency-dependent coupling efficiency of the grating couplers. The relative amplitude change between the two features in the spectrum is likely due to the angular dependence of the grating couplers. As the measurement is done before and after the transfer -which requires removing the sample from the optical setup -the angular alignment of the confocal microscope objective to the grating coupler will be slightly different [18] .
The method can be extended to integrate vdW materials to disjoint but proximate vdW material nanophotonic devices (Fig. 3) . The four SiN ring resonators are each separated by 1 µm to ensure no coupling between cavities. Each cavity can be independently addressed by input and output grating couplers. Again, the PL of the WSe 2 and MoSe 2 ( Fig. 4a and Fig. 4d, respectively) establishes the presence of the monolayers. The low-temperature transmission spectrum for the ring resonators (Fig. 4b and Fig. 4e ) with the integrated monolayers illustrates a contaminationfree transfer. The dips in transmission correspond to the resonance in the ring resonators. The separation between the modes corresponds to the free-spectral range of the ring resonator. The PL of the WSe 2 and MoSe 2 coupled to the evanescent field of the ring resonators collected from the grating coupler ( Fig. 4c and Fig. 4f , respectively) is amplified at the cavity resonances.
Conclusion
We have presented a method to facilitate the integration of vdW materials onto nanophotonic devices which require a minimum of contamination from bulk material. A PL measurement is used to identity the presence of vdW materials on the nanophotonic devices. The transmission spectrum of the SiN spiral integrated with a monolayer material demonstrates the contamination-free nature of the described transfer method. The integration of two different transition metal dichalcogenide monolayers onto neighboring SiN ring resonators demonstrates the capability to manually scale the fabrication of devices for rapid prototyping. Although not demonstrated, an advantage of our method compared to other local transfer techniques is the straight-forward extension to single-step heterostructure fabrication. Instead of picking up a single monolayer we can simply pick up multiple samples from the same or other exfoliated chips. We have used this technique successfully in creating boron nitride encapsulated monolayers integrated onto nanophotonic devices to reduce the linewidth of the neutral exciton [19] . Our local transfer technique can potentially enable a lithographically defined quantum emitter [20, 21] deterministically integrated onto a nanocavity, which can reach the few-photon nonlinear optical regime [22, 23, 24] for applications in neuromorphic photonics [25, 26] and quantum many-body simulation [27, 28] .
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